ATP is the main source of chemical energy in all life and is maintained at several millimolar 24 in eukaryotic cells. However, the mechanisms responsible for and physiological relevance of 25 this high and stable concentration of ATP remain unclear. We herein demonstrate that 26 AMP-activated protein kinase (AMPK) and adenylate kinase (ADK) cooperate to maintain 27 cellular ATP levels regardless of glucose concentrations. Single cell imaging of ATP-reduced 28 yeast mutants revealed that ATP concentrations in these mutants underwent stochastic and 29 transient depletion of ATP repeatedly, which induced the cytotoxic aggregation of 30 endogenous proteins and pathogenic proteins, such as huntingtin and α-synuclein. Moreover, 31 pharmacological elevations in ATP levels in an ATP-reduced mutant prevented the 32 accumulation of α-synuclein aggregates and its cytotoxicity. The removal of cytotoxic 33 aggregates depended on proteasomes, and proteasomal activity cooperated with AMPK or 34 ADK to resist proteotoxic stresses. The present results provide the first evidence to show that 35 cellular ATP homeostasis ensures proteostasis and revealed that stochastic fluctuations in 36 cellular ATP concentrations contribute to cytotoxic protein aggregation, implying that AMPK 37 and ADK are important factors that prevent proteinopathies, such as neurodegenerative 38 diseases. 39 40 2019); however, it currently remains unclear whether ATP-dependent protein 51 solubilization/desolubilization play any significant roles in cell physiology. 52 53 We recently established a reliable imaging technique to quantify intracellular ATP 54 concentrations in single living yeast cells using the genetically encoded fluorescent ATP 55 biosensor QUEEN (Yaginuma, Kawai et al., 2014), which enables long-term evaluations of 56 ATP homeostasis in individual cells (Takaine et al., 2019). Our findings demonstrated that 57 intracellular ATP concentrations did not vary within a yeast population grown in the same 58 culture (Takaine et al., 2019), which was in contrast to the large variations observed in 59 intracellular ATP concentrations within a bacterial cell population (Yaginuma et al., 2014). 60 Moreover, intracellular ATP concentrations in individual living yeast cells were stably and 61 robustly maintained at approximately 4 mM, irrespective of carbon sources and cell cycle 62 stages, and temporal fluctuations in intracellular ATP concentrations were small ( Takaine et  63 al., 2019). Based on these findings, we hypothesized that an exceptionally robust mechanism 64 may exist to precisely regulate ATP concentrations in eukaryotes. It also remains unclear why 65 ATP is stably maintained at a markedly higher concentration than the K m (Michaelis constant) 66 required for the enzymatic activity of almost all ATPases (Edelman, Blumenthal et al., 1987), 67 and the consequences associated with failed ATP homeostasis in living organisms have not 68 yet been elucidated. 69
INTRODUCTION 41
Adenosine triphosphate (ATP) is the main energy currency used by all living organisms. Due 42 to high demand, the turnover rate of ATP is estimated to be less than one minute in yeast and 43 metazoans (Mortensen, Thaning et al., 2011 , Takaine, Ueno et al., 2019 . In addition to its 44 role as energy currency, recent studies reported that ATP may influence the balance between 45 the soluble and aggregated states of proteins, suggesting that proteostasis is maintained by 46 energy-dependent chaperones and also by the property of ATP as a hydrotrope to solubilize 47 proteins (Hayes, Peuchen et al., 2018 , Patel, Malinovska et al., 2017 . Recent proteomic 48 analyses demonstrated that many cellular proteins are insoluble at submillimolar ATP 49 concentrations and become soluble at ATP concentrations > 2 mM (Sridharan, Kurzawa et al., 50 by phosphorylation to redirect cell metabolism from an anabolic (ATP-consuming) state to 76 catabolic (ATP-producing) state (Herzig & Shaw, 2017) . In the budding yeast Saccharomyces 77 cerevisiae, the sucrose non-fermenting 1 (Snf1) protein kinase complex is the sole AMPK. 78
Similar to other AMPKs, the yeast Snf1 complex comprises three subunits: the catalytic α 79 subunit (SNF1), scaffolding β subunit (SIP1, SIP2 or GAL83), and regulatory γ subunit 80 (SNF4) (Ghillebert, Swinnen et al., 2011) . The role of the Snf1 complex in adaptation to 81 glucose limitations has been characterized in detail (Hedbacker & Carlson, 2008) . In the 82 presence of sufficient glucose in the medium, the Snf1 complex is inactive (Wilson, Hawley 83 et al., 1996) . When glucose concentrations decrease, the Snf1 complex is activated and 84 phosphorylates the transcriptional repressor Mig1, which then triggers the transcription of 85 numerous glucose-repressed genes (Carlson, 1999) . However, the contribution of AMPK or 86 the Snf1 complex to cellular ATP levels remains unknown. 87
88
Other possible candidate regulators of ATP homeostasis include genes whose mutation leads 89 to decreases in the cellular content of ATP. However, based on biochemical analyses of cell 90 populations, few yeast mutants reduced ATP levels (Gauthier, Coulpier et al., 2008, 91 Ljungdahl & Daignan-Fornier, 2012). Adenylate kinase (ADK) is a key enzyme that 92 synthesizes ATP and AMP using two ADP molecules as substrates, and the null-mutant of 93 ADK (adk1∆) was shown to have a reduced cellular ATP concentration (~70% of the wild 94 type) (Gauthier et al., 2008) . Bas1 is a transcription factor that is required for de novo purine 95 synthesis and bas1∆ has also a reduced ATP concentration (~50% of the wild type) (Gauthier 96 et al., 2008) . However, the regulation of ATP concentrations and the physiological 97 consequences of reduced ATP levels in these mutants remain unclear, particularly at the 98 single cell level. 99
100
In the present study, we investigated the roles of AMPK, ADK, and Bas1 in ATP homeostasis 101 using the QUEEN-based single cell ATP imaging technique. We demonstrated for the first 102 time that AMPK is involved in the regulation of intracellular ATP concentrations, even under 103 glucose-rich conditions. Furthermore, time-lapse ATP imaging revealed that cells lacking 104 both AMPK and ADK frequently underwent transient ATP depletion, while ATP 105 concentrations oscillated in those lacking Bas1. These ATP dynamics in the mutants were 106 overlooked in previous biochemical studies. We found that some intrinsic proteins and 107 aggregation-prone model proteins, including α-synuclein, which is responsible for Parkinson's 108 disease, aggregated and were cytotoxic in all of the ATP-reduced mutants tested. The present 109 results suggest that the stable maintenance of ATP is essential for proteostasis and imply that 110 7 found not only a general reduction, but also a huge variation in ATP levels in the snf1∆, 147 adk1∆, snf1∆ adk1∆ cell population, as indicated by the large coefficient of variance (CV) 148 ( Fig. 2B ). Furthermore, some cells had extremely low ATP levels in snf1∆ adk1∆ ( Fig. 2A,  149 B). These results suggest that Adk1 and the Snf1 complex both synergistically contribute to 150 ATP homeostasis. 151 152 A large pool of adenine nucleotide is important for maintaining cellular ATP 153 concentrations 154
We also examined a bas1∆ mutant, which is defective in the expression of genes responsible by QUEEN were reduced by ~50% in bas1∆ cells ( Fig. 2C , D). We found not only a general 158 reduction, but also a large variation in ATP levels in the bas1∆ cell population, as indicated 159 by the large CV (Fig. 2D ). The decrease observed in ATP levels was due to reduced adenine 160
biosynthesis because the addition of extra adenine to media partially restored ATP levels ( Fig.  161 2D). These results suggest that the sufficient production of adenine nucleotides is essential for 162 the stable maintenance of ATP levels. Moreover, the role of Bas1 in maintaining ATP levels 163 appeared to be epistatic to that of Snf1 because bas1∆ snf1∆ double mutant cells showed a 164 similar distribution of ATP levels to bas1∆ cells ( Fig. S2 ). 165
166

ATP levels temporally fluctuate in ATP mutant cells 167
To investigate the mechanisms contributing to the large variations in ATP concentrations in 168 snf1∆ adk1∆ cells in more detail, we employed time-lapse ATP imaging ( Fig. 3 ). We found 169 that the QUEEN ratio often underwent a rapid decline followed by recovery in snf1∆ adk1∆ 170 cells (see 116 and 132 min in Fig. 3A , C, and Movie S1, and 180 and 356 min in Fig. 3B , D, 171
and Movie S2). The sudden decrease in ATP concentrations (hereafter called "the ATP 172 catastrophe") occurred within a few minutes without any sign and was rarely observed in 173 wild-type cells (Takaine et al., 2019). The ATP catastrophe appeared to be a stochastic event 174 and cell intrinsic: these events occurred independent of cell cycle stages or cell sizes (compare 175 Fig. 3C with D). Under some conditions, the QUEEN ratio did not recover after the ATP 176 catastrophe and the cell died, as judged by the loss of QUEEN signals in the cell (Fig. S3 ). 177
These results suggest that the large variations in ATP concentrations observed in snf1∆ adk1∆ 178 cells were not simply due to a mixed population with different basal ATP levels, but were 179 rather due to the stochastic ATP catastrophe in individual cells. S4B) and distinguishable from that in snf1Δ adk1Δ cells; however, the common 184 characteristics of these mutants were that the concentration of ATP repeatedly reached close 185 to 0 mM. The ATP oscillation cycle was unsynchronized in the population and independent of 186 cell cycle progression, suggesting a unique metabolic rhythm intrinsic to each cell. The 187 oscillatory nature of ATP cycling in the bas1Δ mutant may involve a transcription/translation 188 cycle and will be described elsewhere. 189 190 ATP homeostasis is required for preventing protein aggregation. interactors with adk1∆ and bas1∆ (Fig. 4A ). Negative genetic interactors of ura6, a gene 199 encoding uridylate kinase that also exhibits adenylate kinase activity, were enriched in the 200 "protein folding/glycosylation" category ( Fig. 4A ). We also found that interactors of snf1 201 were implicated in "protein folding/glycosylation. None of these mutants exhibited apparent 202 genetic interactions with genes in the "metabolism" category ( Fig. 4A ). The same analysis 203 using genetic and physical interactors provided similar results and showed that many 204 interactors were enriched in the "protein turnover" category ( Fig. S5 ). These results imply that 205 although these three mutants regulate ATP with distinct mechanisms, all three have a 206 common cellular function. 207
208
To examine possible defects in protein folding and turnover (i.e., proteostasis), we challenged 209 these mutants with various proteotoxic stresses. We found negligible growth defects in ATP 210 mutants under normal growth conditions with 2% glucose at 30°C (control in Fig. 4B) , 211
suggesting that a high concentration of ATP is not necessary for cellular growth. However, 212 the adk1 and bas1 mutants both exhibited severe growth defects with a high temperature of 213 40°C, 1 hour of heat shock at 55°C, or in the presence of 0.5 µg/ml of the glycosylation 214 inhibitor tunicamycin or 2 mM H 2 O 2 . The SNF1 deletion increased the stress sensitivity of 9 are defective in some aspects of proteostasis. We found that all four mutants tested contained 217 significantly increased numbers of Hsp104-GFP foci, a marker of protein aggregation 218 (Josefson, Andersson et al., 2017) ( Fig. 4C, D) . In contrast to Hsp104-GFP foci, Pab1-GFP, a 219 marker of stress granule (SG) assembly (Hoyle, Castelli et al., 2007), did not form foci in 220 ATP mutants, suggesting that protein aggregation and SG assembly are regulated in a distinct 221 manner ( Fig. 4D ). These analyses identified abnormal protein aggregation as a common 222 defect associated with ATP homeostasis mutants for the first time. ATP. We also noted that Hsp104-GFP foci and SG did not co-localize, suggesting that these 246 structures are derived from distinct mechanisms ( However, snf1∆, adk1∆, and bas1∆ are hypersensitive to the expression of Syn-GFP ( Fig. 6A ). 263
We also found that rpn4Δ, which encodes a key transcription factor for proteasomal subunits 264 Syn-GFP toxicity and aggregation in bas1Δ, but not adk1Δ cells ( Fig. 6D ). Thus, a high 281 concentration of ATP prevented Syn-GFP aggregation and toxicity. 282 containing the huntingtin protein tends to aggregate and has been implicated in Huntington's 285 disease (Jiang, Poirier et al., 2005) . We investigated the toxicity of Htt103Q, a mutant form of 286 the huntingtin protein, which tends to aggregate and cause cytotoxicity in yeast (Meriin, 287 Zhang et al., 2002) . Consistent with the concept that a high concentration of ATP prevents 288 protein aggregation, the ATP homeostasis mutants snf1∆, adk1∆, snf1∆ adk1∆, and bas1∆ 289 were very sensitive to Htt103Q expression ( Fig. S7) . resulted in synthetic growth defects with adk1∆, snf1∆ bas1∆ at a high temperature of 38°C 300 and in the presence of H 2 O 2 (Fig. 6E) . In contrast to proteasomes, autophagy did not appear to 301 have genetic interactions with the above mutants (Fig. 6E ). The deletion of an essential 302 component of the autophagic pathway, ATG1 did not affect the sensitivity of adk1∆, snf1∆, 303 bas1∆ to a high temperature of 38°C or to H 2 O 2 (Fig. 6E ). We also did not observe the 304 accumulation of Hsp104-GFP foci in the autophagy mutants atg1, atg8, and atg13 (not 305 shown). 306 307 To investigate the involvement of proteasomes in the removal of protein aggregates after the 308 transient depletion of ATP, we pretreated cells with the proteasomal inhibitor MG132 or 309 DMSO and examined the kinetics for the formation of Hsp104-GFP foci after the 2DG 310 treatment ( Fig. 6F ) using the drug-sensitive yeast strain Y13206 (Piotrowski, Li et al., 2017). 311
Under both conditions, more than 90% of cells exhibited Hsp104-GFP foci within 30 min of 312 the 2DG treatment. More than two-thirds of Hsp104-GFP foci dissolved in the DMSO control, 313 while less than one-third dissolved in MG132-treated samples, indicating that proteasomes 314 are required for the dissolution process ( Fig. 6F) . 315
In the present study, we demonstrated for the first time that the Snf1 complex, budding yeast 317 AMPK, is required for the stable maintenance of cellular ATP concentrations (ATP 318 homeostasis) in collaboration with the adenylate kinase Adk1 (Fig. 7A ). This function of the 319 Snf1 complex in ATP homeostasis is independent of glucose concentrations in the medium 320 and Mig1, the major transcriptional repressor involved in glucose repression (Fig. 1) ; 321 therefore, this is distinct from its well-characterized role in adaptation to glucose limitations. 322
The activity of the Snf1 kinase complex may be sharply tuned depending on the intracellular 323 concentrations of adenine nucleotides or other metabolites indicative of cellular energy to 324 prevent a rapid ATP catastrophe ( Fig. 3) , even in the presence of sufficient amounts of 325 glucose. It is important to note that the reductions observed in intracellular ATP 326 concentrations in snf1∆ cells in the presence of glucose were overlooked in previous 327 biochemical analyses, again demonstrating the usefulness of QUEEN-based ATP imaging. 328
329
Since the deletion of BAS1 caused the greatest reduction in ATP levels and is epistatic to 330 snf1∆, a large pool size of adenine nucleotide is a prerequisite for ATP homeostasis. This 331 assumption is reasonable because the pool size of recyclable ATP restricts ATP 332 concentrations based on the rapid turnover rate of ATP. Bas1 maintains the pool size of ATP 333 by balancing ATP synthesis and irreversible decreases, such as incorporation into RNA and 334 DNA (following conversion to deoxy-ATP), degradation, and excretion in rapidly 335 proliferating yeasts. 336
337
We also showed that key regulators of ATP homeostasis play roles in preventing cytotoxic 338 protein aggregation in budding yeast (Fig. 7B ). The common feature associated with these 339 mutants is reduced ATP levels, suggesting that high ATP levels are essential for protein 340 solubilization. Protein aggregation induced by the ATP catastrophe may be a general mechanism for the 389 development of proteinopathies. The present study study using ATP imaging revealed a 390 physiological consequence of a failure in ATP homeostasis in living cells for the first time 391 and suggests that ATP homeostasis has potential as a target for preventing/treating 392 neurodegenerative diseases. 393
Yeast strains and plasmids 395
The budding yeast strains and plasmids used in the present study are listed in Supplementary  396 Tables S1 and S2, respectively. These strains were constructed by a PCR-based method 397 
